The mechanism of inhibition of the two glucoamylases from a Rhizopus sp. and Aspergillus saitoi by aminoalcohol derivatives was investigated. 1. Hydrolysis of maltose by the glucoamylases was inhibited competitively by aminoalcohols at pH 5.0, and tris(hydroxymethyl)arninornethane, 2-amino-2-ethyl-1,3-propanediol and 2-aminocyclohexanol were relatively good inhibitors of the glucoamylases among the aminoalcohol derivatives tested. 2. One hydroxyl group and an amino group in these inhibitors were indispensable for the inhibitory action, and the addition of other hydroxyl, amino or ethyl groups was enhancing. 3. With an increase in pH from 4.0 to 6.0, the Ki values of the aminoalcohols decreased. This result suggested the participation of a carboxyl group, which was related to the glucoamylase activity and had a pK t of 5.7, in the binding of aminoalcohols. 4. The UV difference spectra induced on binding of the aminoalcohol analogues with the glucoamylases may indicate a change of the environment of tryptophan residues to a slightly higher pH on inhibitor binding. 5. The influence of aminoalcohols on the fluorescence intensity due to tryptophan residues and the CD-spectra of the glucoamylases was less than that of maltitol. Thus, the interaction of aminoalcohols with tryptophan residues in the glucoamylases might be less pronounced than that in the case of substrate analogues. 6. The modes of binding of the aminoalcohols with the two glucoamylases were very similar. Therefore, the phenomenon might be a common feature of glucoamylases in general.
In the previous papers (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) , we reported the purification and characterization of glucoamylases from a Rhizopus sp. and Aspergillus saitoi. In order to investigate the mechanism of the glucoamylase action, it is very important to find suitable inhibitors. The glucoamylase inhibitors which have been investigated were mostly sugar analogues, such as hexoses, hexosamines, phenyl-and methyl glucosides (12) , gluconolactone (13) , maltitol (4, 9), 1-deoxy nojirimycin (5-amino-l,5-dideoxy r> glucopyranose) (14) , and oligosaccharides containing glucose and hexosamine (15) . On the other hand, it was reported by Yamasaki et al. that tris-(hydroxymethyl)aminomethane (Tris), which is widely used as a buffer, reduced glucoamylase activity (16) (17) (18) (19) , and the mode of inhibition was found to be competitive (18, 19) . Since Tris, which has no sugar moieties, inhibits glucoamylase, in this work, we studied the interaction between glucoamylases and Tris and its analogues using the two glucoamylases described above as model enzymes. We found that all atninoalcohols, including Tris, so far tested are competitive inhibitors and the mode of action of such competitive inhibitors was different from that of substrate analogues, such as maltitol and gluconolactone.
MATERIALS AND METHODS
Enzymes-The major glucoamylase from a Rhizopus sp. (Glucj, MW 74,000) was purified from the commercial digestive, "Gluczyme" (Rhizopus sp., Amano Pharm. Co., Ltd.), and the major glucoamylase from A.-saitoi (Glue M lf MW 90,000) was purified from the commercial digestive, "Molsin" (A. saitoi, Seishin Pharm. Co., Ltd.), according to the methods reported previously (1, 2) .
Protein Concentration Estimation-The concentrations of Glucj and Glue M x were estimated assuming the A™(1%) to be 13.2 and 14.97, respectively (1, 2) .
Chemicals-Maltose was purchased from Wako Pure Chemicals (Osaka). Maltitol, 2-amino-2-ethyl-l,3-propanediol (AEP), 2-amino-2-methyl-1-propanol, 2-aminoethanol, l,3-diamino-2-propanol, and trimethylolethane were obtained from Tokyo Kasei (Tokyo). 2-Amino-2-methyl-l,3-propanediol, 2-amino-2-methylpropane, and 3-amino-1-propanol were purchased from Wako Pure Chemicals. Tris was obtained from Sigma (St. Louis, Mo., U.S.A.). 2-Aminocyclohexanol (cis-, trans-) and DL-2-amino-3-methyl-l-butanol were purchased from Aldrich (Milwaukee, Wis., U.S.A.). All other chemicals were of analytical reagent grade.
Measurement of Kinetic Parameters-Kinetic parameters (k 0 , K m , and K t ) were determined at 37°C. The buffers used were acetate buffer (10 mM) containing 0.1 M NaCl (pH 4.0-6.5) and phosphate buffer (10 mM) containing 0.1 M NaCl (pH 6.0-8.0). The substrate (maltose) concentrations were 1.0-10 mM. The inhibitors were added at constant concentrations between 1.0-10 mM. Enzyme solution (20 /<1) was added to a 1 ml reaction mixture containing maltose followed by incubation at 37°C. The reaction was terminated by heating at 100°C for 1 min. The amount of glucose released was measured by use of the "Glucose-CTest" (Wako Pure Chem.). Kinetic parameters were determined from Lineweaver-Burk plots (20) . 
Measurement of Difference

RESULTS
Inhibition of Glucoamylases by Various Analogues of Tris-The inhibitory effects of various
Tris analogues (mostly, aminoalcohols) on the two glucoamylases, Gluc x and Glue M u were studied using maltose as a substrate. All aminoalcohols showed competitive type inhibition of the glucoamylases. Typical results are shown in Fig. 1 , and the K\ values for various aminoalcohols are shown in Table I . Although the K t values and relative magnitude of K t values for various inhibitors were somewhat different for GluCi and Glue Mjj Tris, AEP and ACH were the most potent inhibitors for both glucoamylases.
The very poor inhibitory action of trimethylolethane and 2-amino-2-methylpropane, which lack either an amino or a hydroxyl group, seemed to indicate the importance of the presence of both /. Biochem. amino-and hydroxyl groups for the inhibitory action. Since 1-aminoethanol, which has an amino group and a hydroxyl group on the same carbon atom, was unstable under the assay conditions, we could not conclude whether two carbon atoms between the amino and hydroxyl groups are essential for the inhibitory effect or not. However, the compounds which showed marked inhibitory effects have two common features, (i) there are two carbon atoms between the hydroxyl-and amino groups, and (ii) some other suitable large groups are attached to the carbon atom; which are aminoand hydroxyl groups, and possibly alkyl groups. In the case of Gluc lt the Ki value of the most potent inhibitor among the aminoalcohols tested was nearly the same as that of maltitol at pH 5.0, but in the case of Glue M^ the Ki value of ACH, the best inhibitor, was several fold greater than that of maltitol. Table I , and the fluorescence intensity of the free enzyme was taken as 100%.
GLUCOAMYLASE INHIBITION BY AMINO ALCOHOLS
the results for Glue,, was very low. From the pHprofile of Ki values for maltitol, the participation of some other acidic functional groups having pK t of about 5 was expected. These results indicated that there were some differences in the mechanisms of the inhibition of the glucoamylases by maltitol and aminoalcohols.
Difference Spectra of Gluc x and Glue M x
Induced by Addition of Tris, AEP, and ACH-When a substrate, such as maltose, was added to a glucoamylase, a difference absorption spectrum was induced, and the pattern of the difference spectrum suggested some perturbation of tryptophan residues in the enzyme by the substrate or inhibitor. The difference spectra of Glue! and Glue M x induced by binding with inhibitors, such as Tris, ACH, and AEP, at pH 5.0 are shown in Fig. 4 . The difference spectra induced by the addition of maltitol, a substrate analogue, are also shown in Fig. 4 for comparison (5). The aminoalcohols showed slightly different spectra from that of maltitol. That is, a marked peak at 297 nm and a small peak at 282 nm were always observed for both glucoamylases irrespective of the aminoalcohol used as the inhibitor. The difference spectra were very similar to those of tryptophan between pH 9.0 and pH 6.0 (Fig. 4c) . The results suggested that the binding of such inhibitors induced a local pH change around tryptophan residues) near or in the active site of glucoamylases.
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Change of Fluorescence Spectrum on Binding of Inhibitors-When glucoamylase binds with a substrate, the fluorescence intensity attributed to tryptophan residues decreases (22) . As shown in Table II , maltitol, a substrate analogue, caused the quenching of tryptophan fluorescence of both Glucj and Glue M,, but aminoalcohols scarcely caused quenching except in the case of 2-amino- Change of CD Spectra on Binding of Inhibitors -The CD spectra of GluCj and Glue M x in the wavelength region of 250-310 nm are shown in Fig. 5 . It was thought that the CD bands in this wavelength region are almost completely due to tryptophan and tyrosine residues. On binding of maltitol, the CD spectra of GIuCx and Glue M x shifted in the negative direction in the wavelength region of between 260-290 nm. The shift on binding of Tris was relatively small for Glucx and about 60% of the maltitol binding for Glue MD
ISCUSSION
Many substrate analogues including hexoses, methyl-or phenyl glucosides and disaccharides have been shown to be glucoamylase inhibitors. Among them, glucosamine, an aminosugar, has been reported to inhibit glucoamylase more effectively than the parent compound, glucose (2, 12) , and A'-acetylglucosamine was a very poor inhibitor of glucoamylase (2). 1-Deoxy nojirimycin, a kind of iminocyclitol was shown to be a potent inhibitor of glucoamylase {14). On considering these results together, we expected that free amino groups of the compounds listed above might play some role in the inhibition of glucoamylase. In this work, we have examined the inhibitory effects of several Tris-analogues. It could be safely concluded that not only an amino group but also a hydroxyl group is essential, and the insertion of 2 carbon atoms seemed to be advantageous for the potentiality as a inhibitor. The common structure for a potent inhibitor can be drawn as in Fig.  6 .
As shown in Figs. 2 and 3 , the pH profiles of pKi of various aminoalcohol derivatives increased R. Fig. 6 . The common structure of aminoalcohol inhibitors. One of K t and R, or both of R! and R, are -CH.OH, -CH.NH,, -CH,, -C.H., or -CH,CH,R.
with an increase in pH, and the profiles indicated that an ionizable group having a pK^ of 5.6-5.7 was concerned in this inhibition mechanism. An ionizable group having a similar pK,. was easily assigned on a pH profile of Iog(/t 0 //f m ) curves for maltose (Figs. 2a and 3a) . Since the pK,. values of amino groups of the inhibitors described in this paper are usually more than 8.0, the pK t value of 5.7 might be assigned as that of a carboxyl group of glucoamylase. Although the possible contribution of an imidazole group could not be completely excluded. We found that photooxidative modification and carbethoxylation of glucoamylases did not affect the enzymatic activities (unpublished data obtained by the present authors). Thus, the above assignment might be reasonable enough.
The differences in the pH-profile of Ki and in the pattern of difference spectra induced by addition of maltitol and aminoalcohols indicate that the modes of binding of these two types of inhibitors are quite different. In the case of maltitol, as to the high affinity of the glucose moiety of maltose towards subsite 2 (23), the glucose moiety of maltitol might interact with subsite 2 and the major force for the binding could be due to the interaction of the hydroxyl groups with the constituents of the active site. On the other hand, gluconolactone (13) was supposed to interact with subsite 1 of glucoamylase, because this compound was a kind of analogue of the intermediates of the hydrolyses of substrates. In this case, the binding force might be due to the interaction of hydroxyl groups, as in the case of maltitol. In contrast to substrate analogues, the amino groups of aminoalcohols possibly interact with a carboxyl group, which is located at subsite 1 and/or 2 and is essential for the catalysis, and the interaction might change the environment of a tryptophan residue near the active site to a more basic one, but they do not interact directly with the tryptophan residue to give fluorescence quenching. The hydroxyl group may interact with some functional groups of the enzyme with maltitol or maltose.
The inhibitory effects of Tris and the other aminoalcohols, other than ACH, were more marked for Glucx than for Glue M x . These results indicated that some sort of structural difference exists between these two enzymes.
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